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ABSTRACT: Diﬀerent polymer architectures behave diﬀerently
regarding their dynamics. We have used a combination of dielectric
spectroscopy, and fast ﬁeld cycling nuclear magnetic resonance
(NMR) to compare the dynamical behavior of two diﬀerent
polymer architectures, with similar overall molecular weight. The
systems of interest are a bottlebrush polymer and a linear one, both
based on poly(dimethylsiloxane) (PDMS). To verify the structure
of the PDMS-g-PDMS bottlebrush in the melt, small-angle neutron
scattering was used, yielding a spherical shape. Information about
the segmental dynamics was revealed by dielectric spectroscopy
and extended to higher temperatures by fast ﬁeld cycling NMR.
One advantage of fast ﬁeld cycling NMR is the detection of largescale chain dynamics, which dielectric spectroscopy cannot probe for PDMS. While segmental relaxation seems to be independent of
the architecture, the large-scale chain dynamics show substantial diﬀerences, as represented by the mean square displacement. Here,
two regions are detected for each polymer. The linear polymer shows the Rouse regime, followed by reptation. In contrast, the
bottlebrush polymer performs Rouse dynamics and diﬀusion in the available time window, and entanglement eﬀects are completely
missing.

■

INTRODUCTION
Properties of polymers strongly depend on the architecture as
well as on the molecular weight. This includes the material as
well as the dynamical behavior.1−3 One architecture of interest
are bottlebrush polymers, i.e., linear side chains covalently
bonded on a linear backbone. This type of polymer is highly
customizable regarding its shape,4−7 chemical composition,4,5,8,9 and grafting density,10,11 i.e., number of side chain
per backbone unit, and received great interest in recent times.
Due to their versatility, several applications are known, like
supersoft elastomers, drug delivery agents, or viscoelasticity
modiﬁers.12−14 Since linear side chains are chemically attached
to the backbone, bottlebrushes show extraordinary rheological
properties, connected to a shift of entanglement molecular
weight to higher values, which are the main focus of research
so far.9,10,15,16 Regarding their dynamical behavior, bottlebrush
polymers show a hierarchical relaxation process, whereby the
outermost segments relax at ﬁrst, while the segments close to
the branching point relax at a later time, followed by the
bottlebrush polymer itself.8,15,17 Similar relaxation behavior can
be tracked by dielectric spectroscopy via the segmental
relaxation for bottlebrushes. Hereby, a slowed-down process
of the segmental relaxation depending on the sidechain length
was found, by comparing the bottlebrush polymers with their
respective single side chains. This supports a hierarchical
relaxation pattern of the bottlebrush polymer based on the
segmental relaxation.4,18 As reported by López-Barrón et al.,
© 2021 American Chemical Society

the intermolecular correlation decreases with increasing
sidechain length, which inﬂuences the α-relaxation. This
results in less backbone contribution on the relaxation for
longer side chains, giving further support for the characteristic
relaxation behavior of bottlebrush polymers.19
In this publication, we are focusing on a comparison of
poly(dimethylsiloxane) (PDMS)-based polymers with diﬀerent
architectures, i.e., PDMS-g-PDMS bottlebrush vs linear PDMS,
both having similar overall molecular weight. This gives insight
into how the dynamical behavior changes if the repeating units
are arranged diﬀerently, based on the morphology. Since
PDMS is one of the most ﬂexible polymers, it is very suitable
for dynamical studies, regarding segmental relaxation and
polymer dynamics. The spherical shape of our bottlebrush
polymer in the melt state was conﬁrmed by small-angle
neutron scattering (SANS), while for the dynamical investigations, a combination of dielectric spectroscopy (DS) and
fast ﬁeld cycling (FFC) nuclear magnetic resonance (NMR)
was used. With dielectric spectroscopy, information about the
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dielectric spectroscopy only tracks the segmental dynamics, i.e.,
the α-relaxation.20
The simplest description for a relaxation process is using the
Debye approach with τD as the characteristic relaxation time of
the system.20,22

segmental dynamics of PDMS are obtained, since PDMS is
classiﬁed as a type B polymer with a permanent dipole moment
perpendicular to the main chain.20 In contrast, FFC-NMR has
access to both the segmental dynamics and polymer dynamics.
While the segmental dynamics can be combined with those of
dielectric spectroscopy, for polymer dynamics, it is very
convenient to focus on the mean square displacement,
⟨r2(t)⟩, to identify diﬀerent dynamical processes and compare
them over the two samples.

ε*(ω) = ε∞ +

■

* (ω) = ε∞ +
εHN

(4)

ij A yz
zz
τs = τ∞expjjj
j T − T0 zz
k
{

with the modiﬁed form factors P̃ (Q)BBi for the deuterated and
protonated PDMS-g-PDMS bottlebrush polymers

(6)

with τ∞ being the limiting relaxation time for inﬁnitely high
temperatures, T0 being the ideal glass transition temperature,
and A being a constant.
Fast Field Cycling Relaxometry. Fast ﬁeld cycling
relaxometry measures the Larmor frequency dependence of
1
the spin-lattice relaxation rate, R1(ω) = T (ω) , by rapidly

(2)

according to Bichler et al.5 has been used. The volume of the
bottlebrushes is calculated as
ϱiNA

Δε
(1 + (iωτD)β )γ

and the temperature behavior can be described with the
Vogel−Fulcher−Tammann (VFT) equation
(1)

VBBi = fi ·

(3)

with the two shape parameters β and γ accounting for the
asymmetric broadening of the relaxation spectra. These two
parameters need to follow the restrictions of 0 < β ≤ 1 and 0 <
βγ ≤ 1, which describe the slopes of the low- and highfrequency side of the relaxation peak.20
The relaxation time associated with the peak maximum of
the relaxation process is determined by4,23
ÄÅ
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However, nonideal processes cannot be described using eq 3
due to asymmetric shapes that are not accounted for in the
Debye model. Usually, the empirical Havriliak−Negami (HN)
function is used for describing nonexponential relaxation
processes

THEORETICAL BACKGROUND
Small-Angle Neutron Scattering. Small-angle neutron
scattering data of the PDMS-g-PDMS bottlebrush melt have
been analyzed by a spherical core−shell form factor, P(Q),
including an explicit density proﬁle as used for star polymers,
φstar(r), and blob contribution, accounting for internal shell
density ﬂuctuations. Due to the negligible core size, the core
contribution was excluded in the model function and our
bottlebrush can be seen as a star polymer. The detailed form
factor, P(Q), has previously been published in Bichler et al.5
for a similar sample system.
Our PDMS-g-PDMS bottlebrush sample has been measured
in a complete melt state with isotopic labeling, i.e., a mixture of
protonated ((h-PDMS)-g-(h-PDMS)) and deuterated ((hPDMS)-g-(d-PDMS)) bottlebrushes. Since the degree of
polymerization of both bottlebrushes is slightly diﬀerent, the
random phase approximation (RPA)21

1
1
P(̃ Q )BBi = A(Q )2shell i (fi − 1) + ai · P(Q )blobi
fi
fi

Article

1

switching (cycling) the external magnetic detection ﬁeld,
whereby T1(ω) stands for the spin-lattice relaxation time.
Here, ω = −γHB0 is the Larmor frequency with γH the
gyromagnetic ratio of the protons and B0 the experimentally
controlled external magnetic ﬁeld, the sample is exposed to.24
The measured relaxation rate is composed of intra- and
inter
intermolecular parts, R1(ω) = Rintra
1 (ω) + R1 (ω). Intramolecular relaxation is attributed to segmental reorientation
dynamics, whereas the intermolecular part describes translational motions of segments from diﬀerent molecules. Since
Rinter
1 (ω) is connected to polymer dynamics at low ﬁelds, it
allows to derive the mean square displacement, ⟨r2(t)⟩.24,25
The relaxation rate, R1(ω), can be written by the
Bloemberg−Purcell−Pound (BPP) equation

with the number of side chains, f i, the

chain
weight average molecular weight of the side chains, Mside
,
wi
and the mass density, ϱi, of the respective bottlebrush polymers
together with the Avogadro constant, NA. Furthermore, ΦBBi
denotes the volume concentration of the two diﬀerently
labeled bottlebrush polymers, and V0 = VhVd is the geometric average monomer volume with Vh and Vd being the
protonated and deuterated monomer volumes, respectively.
The Flory−Huggins interaction parameter, χ, describes the
miscibility behavior of the two polymers in the mixture. The
scattering amplitudes of the shell, A(Q)shelli, and the blob
contribution, P(Q) blob i, have been used as previously
published.5 Due to the melt state of the sample, we have a
Θ-condition connected to the Flory exponent of ν = 0.5, as
used for the data modeling.
Dielectric Spectroscopy. Dielectric spectroscopy measures the ﬂuctuations of the permanent dipole moment
depending on the applied electric ﬁeld, E(t). PDMS has only
a permanent dipole moment perpendicular to the polymer
main chain and thus classiﬁed as a type B polymer. Therefore,

R1(ω) = K [JDD(ω) + 4JDD(2ω)]

(7)

with the dipolar spectral density, JDD(ω), and the dipolar
coupling constant, K. Multiplication of JDD(ω) with ω yields
the dynamic susceptibility, χ″(ω) = ωJDD(ω), and allows to
rewrite the BPP equation to
″ (ω)
ωR1(ω) = K [χ ″ (ω) + 2χ ″ (2ω)] ≅ 3KχFC
1830
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Table 1. Weight Average Molecular Weight, Mw, Number
Average Molecular Weight, Mn, Degree of Polymerization,
DP, and Mw/Mn, for the Protonated Bottlebrush, (hPDMS)-g-(h-PDMS), the Deuterated Bottlebrush, (hPDMS)-g-(d-PDMS), and the Linear PDMS, PDMSlin380k.
Number of side chains, f, and grafting density, z, for the
protonated, (h-PDMS)-g-(h-PDMS), and the deuterated
bottlebrush, (h-PDMS)-g-(d-PDMS).

Assuming that K does not signiﬁcantly change with temperature, the dipolar susceptibility, ωR1(ω) = χ″DD(ω), can be
introduced, allowing to obtain the susceptibility master curves.
The evolving relaxation peak can be described with the Cole−
Davidson (CD) function20
″ (ω) = K [CD(ω) + 2CD(2ω)]
χDD

(9)

resulting in the relaxation time, τCD, associated with the
respective reference temperature, Tref, of the master curve.24,26
This time needs to be corrected for the shape parameter, γ, by
i π yz
1
1
zz
=
tanjjjj
τs
τCD k 2 + 2γ z{

Mw
(g/mol)

(10)

Using the suitable shift parameter, aT, used for creating the
susceptibility master curve, enables to obtain the relaxation
times of the other measured temperatures.
The mean square displacement, ⟨r2(t)⟩, is connected via a
cosine transformation with the intermolecular relaxation rate,
R1(ω), and can be derived by
ÅÄÅ
2
1 ÅÅÅÅ 5 ijj 4π yzz
8
1
1
2
⟨r (t )⟩ = ÅÅ jjj zzz
2 ÅÅÅ 4 k μ0 { 3π 3 γH4ℏ2ns 1 + 21 + 3α /2
ÅÇ
ÉÑ−2/3
ÑÑ
∞
ÑÑ
inter
R1 (ω)cos(ωt )dωÑÑÑ
ÑÑ
0
ÑÑÖ
(11)
with the spin density, ns, the magnetic constant, μ0, and α ∈
[0.25;1] based on the underlying polymer dynamics.24,26
In the case of PDMS, the intermolecular relaxation rate,
Rinter
1 (ω), is directly obtained from purely protonated samples
for ω < τs−1. For higher ﬁelds, the intramolecular relaxation
rate, Rintra
1 (ω), is dominating, resulting in relaxation times of
the segmental dynamics.25,26

Mn
(g/mol)

DP

Mw/Mn

f

z

side chain
backbone
bottlebrush

(h-PDMS)-g-(h-PDMS)
8900
8100
110
4230
4160
70
431 000
385 000

1.10
1.02
1.12

47

0.67

side chain
backbone
bottlebrush

(h-PDMS)-g-(d-PDMS)
11 400
10 800
136
4230
4160
70
446 000
404 000

1.07
1.02
1.10

37

0.53

linear PDMS

380 000

PDMSlin380k
370 000
5135

1.03

Q-range of 0.003 Å−1 < Q < 0.47 Å−1 with the momentum transfer,

∫

■

Article

Q=

4π
ϑ
sin 2
λ

( ),

and scattering angle, ϑ. The data reduction was

performed using the suite of NCNR SANS reduction macros in the
IGOR software package (WaveMetrics, Portland, OR).28
Dielectric Spectroscopy. Dielectric spectroscopy experiments
were performed with a Broadband Dielectric Alpha Analyzer from
Novocontrol GmbH in a frequency range of 10−2−106 Hz. A
temperature range of T = −140.0 to −90.0 °C was enough to shift the
segmental dynamic through the available frequency window. The
temperature was controlled by a Quatro Cryosystem having a
manufacturer speciﬁed accuracy of 0.1 °C. For ensuring temperature
equilibrium prior to the measurement, an equilibration time of 3 min
was used. Since PDMS is a semicrystalline polymer with a great
tendency for crystallization, the samples were rapidly cooled to T =
−140.0 °C to minimize crystallization during the measurements.
Therefore, each sample was measured from low to high temperatures.
Fast Field Cycling Relaxometry. The fast ﬁeld cycling
relaxometry experiments were performed on the SMARtracer FFCNMR from STELAR. It consists of a B = 0.25 T electromagnet,
oﬀering a measurable Larmor frequency range of 10 kHz−10 MHz.
Minimizing external inﬂuences, by increasing the distance between
the electric control unit and the electromagnet by 1.5 m together with
removing of magnetizable parts as far as possible, shifts the lower limit
to 5 kHz. For the samples investigated here, a temperature range of T
= −100 to +135 °C was used to create the master curves including the
relaxation peak associated with the segmental relaxation. Prior to each
scan, the samples were quenched in liquid nitrogen to minimize
crystallization during the measurement.

EXPERIMENTAL SECTION

Samples. The bottlebrush polymers were synthesized based on
the grafting-to method, via the reaction of living PDMS chains,
obtained by kinetically controlled anionic ring-opening polymerization of hexamethylcyclotrisiloxane, with a chlorinated backbone as
illustrated in Scheme 1 and published in Bichler et al.5 The molecular

Scheme 1. Synthetic Scheme toward PDMS Bottlebrushes
via a Grafting-to Method of Living PDMS Chains onto
Polychloromethylsiloxane5

■

RESULTS AND DISCUSSION
Structural AnalysisSmall-Angle Neutron Scattering. Small-angle neutron scattering experiments have been
performed on a blend of isotopically labeled bottlebrush
polymers, based on PDMS. A low concentration, Φ = 0.5%, of
protonated, (h-PDMS)-g-(h-PMDS), in deuterated, (hPDMS)-g-(d-PDMS), bottlebrushes gives access to the pure
form factor of the protonated species, as illustrated in Figure 1.
Here, a direct transition from low (Guinier region) to
intermediate Q’s (Porod region) is visible, with an intensity
dependence of Q−4.0 in the Porod region. Continuing to larger
momentum transfers, i.e., Q > 0.1 Å−1, the so-called blob

parameters based on gel-permeation chromatography-multi-angle
laser light scattering (GPC-MALLS) of the protonated, deuterated
bottlebrushes and the linear polymer are summarized in Table 1.
Small-Angle Neutron Scattering. Small-angle neutron scattering experiments were conducted on the NGB30m SANS instrument
at the National Institute of Standard and Technology Center for
Neutron Research (NIST-NCNR), Gaithersburg, MD.27 Three
diﬀerent sample-to-detector distances, d = 1.3, 4.0, and 13.1 m
together with a wavelength of λ = 6 Å with Δλ/λ = 13.8%, oﬀered a
1831
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Table 2. Resulting Fit Parameters for the Protonated and
Deuterated Bottlebrush Polymers, (h-PDMS)-g-(h-PDMS)
and (h-PDMS)-g-(d-PDMS), Together with the Calculated
Scattering Length Density (SLD)a
parameter
overall radius R (Å)
number of side chains f
blob size ξ (Å)
scaling parameter of
blob a
smearing parameter σ
Flory−Huggins
interaction
parameter χ
scattering length
density (SLD)
(cm−2)

Figure 1. Scattering intensity, I(Q), vs momentum transfer, Q, for a
low concentration, Φ = 0.5%, of protonated, (h-PDMS)-g-(h-PDMS),
in deuterated, (h-PDMS)-g-(d-PDMS), bottlebrush polymers, taken
at room temperature. The dashed lines indicate the power law
dependence of the intensity. The solid line is the best description by
the form factor using eq 1.

a

(h-PDMS)-g-(h-PDMS)

(h-PDMS)-g-(d-PDMS)

54.2
47
9.0
0.12

56.3
39
14.2
0.14

0.36

0.36
0.00024

6.74 × 108

3.28 × 1010

Standard deviations are <1%.

seems reasonable since the only major diﬀerence in the blend
is the diﬀerent isotopic labeling.
Dynamics. Segmental DynamicsDielectric Spectroscopy. Figure 2a and b illustrate the dielectric permittivity, ε″, as a
function of frequency, f, for diﬀerent temperatures, ranging
from T = −125.0 to −90.0 °C for the PDMS-g-PDMS
bottlebrush polymer.
With increasing temperature, the relaxation peak moves to
higher frequencies, associated with a decreasing relaxation
time. Furthermore, the peak height decreases with temperature. At a certain temperature, T = −107.5 °C, the ﬁrst
relaxation process is substituted by a second process,
possessing the same behavior, i.e., with increasing temperature,
the peak maximum shifts to higher frequencies. PDMS is
known to show two processes, both belonging to the segmental
relaxation and routed in the same origin, i.e., the permanent
dipole moment.4,33
While at very low temperatures, the pure segmental
relaxation, i.e., the α-relaxation, is observable, increasing
temperature leads to the second process, the αc-relaxation.
The latter phenomenon arises from the emerging crystallization, due to the semicrystallinity of PDMS, and describes a
slowed-down segmental relaxation due to the formation of
crystallites.4,33 Therefore, the abbreviation αc is used.
Translated to our sample, the ﬁrst process, Figure 2a,
describes the pure segmental relaxation, i.e., α-relaxation, and
the second process, at higher temperatures, the αc-relaxation.
Similar behavior is seen for PDMSlin380. For both samples,
the relaxation peaks can be well described by the empirical
Havriliak−Negami function, as illustrated in Figure 2.
Since the relaxation peak represents a kind of a distribution
of relaxation times, it is convenient to normalize the peaks, to
get information about temperature-dependent changes on the
peak shape. While the shape of the relaxation peak for the
PDMS-g-PDMS bottlebrush polymer, belonging to the pure αrelaxation, does not change with temperature (Figure 3), those
of the αc-relaxation narrows with increasing temperature (inset
Figure 3).
The same behavior is also seen for our PDMSlin380k sample
(Supporting Information, Figure S7) and, additionally, for
diﬀerent molecular weights of linear PDMS, as reported by
Hintermeyer et al.34 Therefore, the distribution of relaxation
times stays the same over the entire temperature range of the
α-relaxation, independent of the architecture. To compare the

region emerges, showing a power law dependence, Q−df, with df
= 2.0. For our sample, the overall structure is identiﬁed as
compact spherical and can be well described using the random
phase approximation (RPA) with the core−shell form factor as
introduced in eq 1. Hereby, the parameters for the deuterated
specie were kept constant at those values reported in Bichler et
al.5 for the deuterated PDMS-g-PDMS bottlebrush polymer
immersed in a linear PDMS matrix with Mn = 8700 g/mol.
The high Q region describes the chain conformation within
the bottlebrush shell. Due to the inverse proportionality of the
slope in the blob region to the Flory exponent, ν, i.e., df ∝ −1/
ν, the solvent quality for the protonated PDMS-g-PDMS
bottlebrush can be determined.5,29 In our case, the blob region
shows a well-pronounced Q−2 dependence leading to ν = 0.5,
which is suitable for Θ- or melt condition made up by the
deuterated bottlebrushes. The description of this region is
included in the model function and results in the blob size, ξ,
which is assumed to be equal for all blobs of the side chains
based on scaling theory.30 The blob represents a size range,
where the grafted polymer behaves as a free, unperturbed
polymer chain.
The resulting ﬁt parameters for the protonated and the
deuterated PDMS-g-PDMS bottlebrush polymers are summarized in Table 2.
Comparing the two radii of the protonated, Rh, and the
deuterated, Rd, species, the latter one shows a larger value,
which is accompanied with the higher degree of polymerization
of the side chains. In this case, the side chains are longer
compared to the protonated version, thus the greater radius.
While concentrating on the blob size, our results imply a
possible correlation with the grafting density, which is
represented as the number of side chains. As higher the
grafting density, as closer the side chains are located compared
to their next neighbors; thus, the resulting blob size may
decrease. This could explain the smaller blob size, in the case
of the protonated species, due to the higher grafting density
compared to the deuterated one. Another interesting result of
the model description is the Flory−Huggins interaction
parameter, χ, which describes the miscibility behavior of
polymer blends.31 Based on the analysis, the interaction
parameter shows a value of χ = 0.00024, suitable for very
similar components within the polymer blend.32 This result
1832
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Figure 2. Dielectric permittivity, ε″, vs frequency for the PDMS-g-PDMS bottlebrush polymer for (a) α-relaxation and (b) αc-relaxation. The solid
lines are the best description with the HN function.

the high-frequency region. As seen in Figure 4a, the values of
the high-frequency side are very similar for both architectures
and seem to be constant over the entire temperature range.
This is consistent with the temperature-independent shape of
the relaxation peak, as illustrated in Figure 3. However,
concentrating on the β parameter, i.e., the low-frequency side,
we have constant but diﬀerent values for the two architectures.
In the case of the PDMSlin380k, the values are smaller
compared to those for the bottlebrush. This implies a broader
relaxation peak and thus a broader distribution of relaxation
times for the PDMSlin380k (Supporting Information, Figure
S8).
Focusing on the αc-relaxation as illustrated in the inset of
Figure 3 for the bottlebrush polymer, a narrowing occurs with
increasing temperature. This implies a slight increase of the β
values, as seen in Figure 4b. In the case of PDMSlin380k, the
narrowing is less pronounced, and therefore, the β values are
almost independent of the temperature (Figure 4c). The shape
of the high-frequency side does not change with temperature
and therefore shows constant values, i.e., γ·β ≈ const. for both
samples. The eﬀect responsible for the αc-relaxation is known
as the cold crystallization and not only shows a temperaturedependent shape change but also a time dependent one, as
seen in the Supporting Information, Figure S6 or by Lund et
al.33

Figure 3. Normalized dielectric permittivity, b·ε″, vs normalized
frequency for the α-relaxation and the αc-relaxation (inset). The
slightly increased ε″ at low frequencies of T = −110.0 °C indicates the
emergence of the αc-relaxation in the frequency window.

shape of the two samples more easily, we are concentrating on
the shape parameters β and γ, which give information about
the asymmetric broadening of the relaxation peak. Hereby, the
value of β describes the low and the product of (γ·β) those for

Figure 4. Temperature dependence of the shape parameters, β and γ, resulting from the Havriliak−Negami ﬁtting function for (a) α-relaxation; (b,
c) αc-relaxation. The gray dashed line in (b) is a guide for the eye.
1833
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3 and for the αc-relaxation are given in Table S1 (Supporting
Information).

Another way to compare these two samples is by focusing on
the temperature behavior of the relaxation times, τs, as
illustrated in Figure 5. Clearly, the two processes, at low (α-

Table 3. Resulting Fit Parameters for the Temperature
Dependence of the Relaxation Times of the α-Relaxation,
Described with the VFT Equation and Glass Transition
Temperature Determined by Dielectric Spectroscopy (DS)
and Diﬀerential Scanning Calorimetry (DSC)
Measurements
PDMS-g-PDMS
τ∞ (s)
A (K)
T0 (K)
Tg (°C) [DS]
Tg (°C) [DSC]

(1.1 ± 0.2) × 10
(715 ± 10)
(125.3 ± 0.2)
(−128.4 ± 0.1)
−120.2

−14

PDMSlin380k
(3.9 ± 1.2) × 10−14
(690 ± 17)
(124.3 ± 0.3)
(−129.4 ± 0.4)
−119.3

Large-Scale Polymer DynamicsFFC-NMR. Since dielectric spectroscopy (DS) only detects the segmental dynamics in
the case of PDMS, we have used fast ﬁeld cycling (FFC) NMR
to get information about the polymer dynamics of both
samples. Hereby, the measured quantity is the frequencydependent relaxation rate, R1(ω), which can be transformed
into the susceptibility representation via χ″(ω) = ωR1(ω) to
create susceptibility master curves as seen in Figure 6. The
frequency-dependent susceptibilities for diﬀerent temperatures
can be found in the Supporting Information, Figure S9.

Figure 5. Relaxation times, τs, vs 1000/T, for the PDMS-g-PDMS
bottlebrush polymer and PDMSlin380k. The solid lines are the best
description with the VFT equation. Errors are within symbol size and
omitted.

relaxation) and high temperatures (αc-relaxation) are well
distinguishable. With increasing temperature, the relaxation
times decrease and at a certain temperature, the second
process takes over and prevails the measured signal.
At very low temperatures, slight deviation between the
PDMS-g-PDMS bottlebrush and the PDMSlin380k sample is
visible, while with increasing temperature, the relaxation times
of both samples become more similar and ultimately show an
almost overlapping temperature dependence in the region of T
∼ −120 °C to T ∼ −110 °C. The diﬀerent relaxation times at
low temperature are most likely routed in the slightly diﬀerent
glass transition temperatures, Tg, determined as Tg = T(τs =
100 s) and additionally by diﬀerential scanning calorimetry
(DSC) measurements (Table 2) (related data are in
Supporting Information, Figures S4 and S5).20 Hereby, the
diﬀerence of around ΔTg ∼ 10 °C seems plausible and is
related to the heating/cooling rate. While for fast heating/
cooling rates, the glass transition temperature shows higher
values, and those for slow heating/cooling rates values are
lower.35 In the case of DSC, a rate of 10 °C/min was used
during the heating cycle. For dielectric spectroscopy, the
heating rate on average is much lower since one isothermal
scan takes around 45 min. Therefore, DSC uses a higher
heating/cooling rate compared to dielectric spectroscopy and
thus results in higher values for Tg, as seen in Table 2.
After the pure segmental relaxation, the αc-relaxation sets in,
with diﬀerent relaxation times related to the diﬀerent
architectures. Here, the bottlebrush sample has longer
relaxation times compared to the linear polymer. This might
be due to the molecular weight and an architectural dependent
smaller extent of crystallization of PDMS. Hereafter, we are
only focusing on the pure segmental relaxation, i.e., αrelaxation.
For both samples, the temperature dependence of the
relaxation times can be well described by the Vogel−Fulcher−
Tammann (VFT) equation (eq 6). The resulting ﬁt parameters
for the description of the α-relaxation are summarized in Table

Figure 6. Susceptibility master curve, χ″(ωτs), vs normalized
frequency, ωτs, for PDMS-g-PDMS and PDMSlin380k at the
reference temperature, Tref = +135 °C, composed of values from T
= −100 °C to T = +135 °C. The yellow solid lines are the best
description with the combination of Cole−Davidson functions (eq 9);
the dashed lines represent the resulting power laws. PDMSlin380k
data are shifted by a factor c = 1/5 for clarity reason.

Both master curves show a well-pronounced peak at high
frequencies, followed by a slight shoulder and power laws by
going to low frequencies. This slight shoulder in the region of
10−3 < ωτs < 10−1 comes along with a power law of ω0.5 at the
high-frequency side and transitions to a power low of ω0.75 at
low frequencies. This behavior is typical for linear PDMS,
however, rather unusual for other polymers. 25,36 This
originates from the interplay between intra- and intermolecular
interactions. For PDMS, the intermolecular contributions are
dominating, starting at ωτs ≈ 10−1. In the region of the
relaxation peak, ωτs ≈ 1, both contributions, inter- and
1834

https://dx.doi.org/10.1021/acs.macromol.0c02104
Macromolecules 2021, 54, 1829−1837

Macromolecules

pubs.acs.org/Macromolecules

Article

of combing the relaxation times from FFC-NMR and dielectric
spectroscopy extends the assumption of a molecular weight as
well as architectural-independent segmental relaxation up to
high temperatures.
Since Figure 6 already indicates missing entanglement eﬀects
for the bottlebrush polymer, focusing on the mean square
displacement is appropriate to distinguish diﬀerent relaxation
processes occurring in the available time scale. Hereby, eq 11 is
used resulting in the segmental mean square displacement,
illustrated for both samples in Figure 8.24,26

intramolecular, have basically the same amplitude. Therefore,
the shoulder can be seen as a crossover between inter- and
intramolecular relaxation.25
The region of the power law ω0.75 belongs to the chain
dynamics and fulﬁlls the theoretical expectation for linear
PDMS, independent of the molecular weight and architecture,
whereas the power law ω0.5, at higher frequencies, agrees with
the value observed for high-molecular-weight linear
PDMS.37,38 In this particular region, the literature assumes
an interplay of glassy and polymer dynamics.
In the case of PDMSlin380k, an additional power law, ω0.5,
at very low frequencies is present, which is absent in the data of
the bottlebrush sample. This behavior indicates entanglements
that are missing in the bottlebrush polymer results.36,38
The relaxation peak is associated with the segmental
relaxation time, τs, suitable for the speciﬁc reference temperature, Tref. Equation 9 allows extracting τCD that transforms
into τs using eq 10. With the shift parameters, used for creating
the susceptibility master curve, the relaxation times for each
respective temperature can be determined.
In case of PDMSlin380k, it was impossible to measure
suitable temperatures for the relaxation peak due to fast
crystallization. Therefore, data from a linear PDMS with Mn =
2600 g/mol were measured and taken for the relaxation peak
only. Based on literature, the peak itself is not inﬂuenced by
diﬀerent molecular weights of linear PDMS.36 In contrast, for
the PDMS-g-PDMS bottlebrush polymer, the crystallization
was minimized by quenching the sample prior to the
measurement scans. Here, there is no signature of crystallization during the measurement.
As seen in Figure 7, the relaxation times for the α-relaxation
obtained by FFC-NMR can be well combined with those from
dielectric spectroscopy.
While slight diﬀerences occur at low temperatures, at high
temperatures, both samples coincide. With increasing temperature, the decay of the relaxation times slows down due to a
saturation eﬀect, occurring at inﬁnite temperatures. This ability

Figure 8. Mean square displacement, ⟨r2(t)⟩, vs time, t, of PDMS-gPDMS and PDMSlin380k at Tref = +135 °C. The dashed lines are the
evolving power laws, associated with diﬀerent regimes of the polymer
dynamics. The PDMSlin380k data are shifted by a factor c = 0.1 for
clarity.

In both polymers, two diﬀerent power law regimes exist. At
short times, both polymers show the same power law of t0.5,
suggesting Rouse dynamics. While the bottlebrush continues
with a power law of t1 indicative for diﬀusion, starting at τR =
900 ns, PDMSlin380k shows a power law of t0.25 starting at t =
600 ns. This regime denotes the constraint Rouse regime.
Continuing to longer times would result in reptation, ⟨r2(t)⟩ ∝
t0.5, and ﬁnally diﬀusion, ⟨r2(t)⟩ ∝ t1.
The regime of constraint Rouse dynamics is only
accomplished by polymers with high molecular weight,
where entanglement eﬀects are present. This comparison
shows that even if the PDMS-g-PDMS bottlebrush polymer
has a high overall molecular weight, the dynamics pursue still
the trends of low-molecular-weight linear PDMS with no
entanglement eﬀect and pure Rouse dynamics until the onset
of diﬀusion. Similar results are reported by Hu et al. for
bottlebrush polymers with polynorbornene and polylactide
side chains.8 Additionally, this is accompanied by a shift of the
entanglement molecular weight to higher values, simply by
attaching side chains to a linear backbone, as suggested by
rheology measurements.39 Since the dynamics probed by FFCNMR are mainly governed by the side chains, it can also be
chain
seen as a comparison of a linear PDMS with Mside
= 8100
n
g/mol ﬁxed at one end with a linear PDMS with Mn = 370 000
g/mol. Using this approach, it is not uncommon to see these
two diﬀerent relaxation behaviors based on the large-scale
chain dynamics.

Figure 7. Relaxation time, τs, vs 1000/T, for PDMS-g-PDMS and
PDMSlin380k by FFC-NMR (high temperatures) and dielectric
spectroscopy (low temperatures). The solid lines are a combined
description of FFC-NMR and dielectric spectroscopy (DS) with the
VFT equation. The black boxes indicate the diﬀerent regions resulting
from the diﬀerent instruments. Standard deviations are within symbol
size and omitted.
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SUMMARY AND CONCLUSIONS
We have studied two PDMS-based samples, having similar
molecular weight, Mn, but signiﬁcantly diﬀerent architectures,
i.e., spherical bottlebrush vs linear, to investigate how the
dynamical behavior is inﬂuenced by structural changes. The
melt morphology of the bottlebrush sample was examined by
small-angle neutron scattering resulting in a spherical form
factor, including the description of the internal chain structure
of the side chains. For dynamical studies, a combination of
dielectric spectroscopy and fast ﬁeld cycling NMR was used to
cover the time scales from segmental relaxation up to largescale polymer dynamics. Hereby, the segmental dynamics show
architectural independence, whereby the large-scale polymer
dynamics depends substantially on it. While the bottlebrush
polymer pursues Rouse dynamics followed by diﬀusion,
PDMSlin380k shows pronounced entanglement eﬀects. Therefore, even if the molecular weights are similar, remarkable
diﬀerences related to the diﬀerent polymer conformation occur
in the polymer dynamics despite architectural independence of
the segmental relaxation.

■

facility used in this work. The authors are grateful for the
support during the SANS beamtime from Elizabeth Kelley.
The authors would like to thank ISIS Neutron and Muon
source for the DSC measurements, especially Victoria García
Sakai, Ian Silverwood, and Cameron Twigg.

■

REFERENCES

(1) Giussi, J. M.; Azzaroni, O.; Hensel-Bielowka, S.; Wojnarowska,
Z.; Knapik, J.; Paluch, M. Synthesis, Characterization and Dielectric
Relaxation Study of Hyperbranched Polymers with Different
Molecular Architecture. Polymer 2016, 100, 227−237.
(2) Pyckhout-Hintzen, W.; Allgaier, J.; Richter, D. Recent Developments in Polymer Dynamics Investigations of Architecturally
Complex Systems. Eur. Polym. J. 2011, 47, 474−485.
(3) Kisliuk, A.; Ding, Y.; Hwang, J.; Lee, J. S.; Annis, B. K.; Foster,
M. D.; Sokolov, A. P. Influence of Molecular Architecture on Fast and
Segmental Dynamics and the Glass Transition in Polybutadiene. J.
Polym. Sci., Part B: Polym. Phys. 2002, 40, 2431−2439.
(4) Jakobi, B.; Bichler, K. J.; Sokolova, A.; Schneider, G. J. Dynamics
of PDMS-g-PDMS Bottlebrush Polymers by Broadband Dielectric
Spectroscopy. Macromolecules 2020, 53, 8450−8458.
(5) Bichler, K. J.; Jakobi, B.; Huber, S. O.; Gilbert, E. P.; Schneider,
G. J. Structural Analysis of Ultrasoft PDMS-g-PDMS Shell-Only
Particles. Macromolecules 2020, 53, 78−89.
(6) Pesek, S. L.; Li, X.; Hammouda, B.; Hong, K.; Verduzco, R.
Small-Angle Neutron Scattering Analysis of Bottlebrush Polymers
Prepared via Grafting-through Polymerization. Macromolecules 2013,
46, 6998−7005.
(7) Rathgeber, S.; Pakula, T.; Wilk, A.; Matyjaszewski, K.; Beers, K.
L. On the Shape of Bottle-Brush Macromolecules: Systematic
Variation of Architectural Parameters. J. Chem. Phys. 2005, 122,
No. 124904.
(8) Hu, M.; Xia, Y.; McKenna, G. B.; Kornfield, J. A.; Grubbs, R. H.
Linear Rheological Response of a Series of Densely Branched Brush
Polymers. Macromolecules 2011, 44, 6935−6943.
(9) López-Barrón, C. R.; Brant, P.; Eberle, A. P. R.; Crowther, D. J.
Linear Rheology and Structure of Molecular Bottlebrushes with Short
Side Chains. J. Rheol. 2015, 59, 865−883.
(10) Haugan, I. N.; Maher, M. J.; Chang, A. B.; Lin, T.-P.; Grubbs,
R. H.; Hillmyer, M. A.; Bates, F. S. Consequences of Grafting Density
on the Linear Viscoelastic Behavior of Graft Polymers. ACS Macro
Lett. 2018, 7, 525−530.
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